Abstract: This study investigates the dielectric properties of coagulated biological tissues at 2.45 GHz in thermal treatments using microwave energy such as microwave coagulation therapy (MCT). These values are necessary to obtain accurate electromagnetic field or temperature distributions in numerical simulations of these treatments. This paper investigates the mechanism of changes in dielectric properties of biological tissues accompanying heat coagulation, by measuring the dielectric constants and water content ratios of tissues. Dielectric constants of heated biological tissues were observed to strongly depend on changes in their water content due to heat coagulation. Keywords: dielectric constants, water content, biological tissue, microwave coagulation therapy Classification: Electromagnetic Compatibility (EMC) 
Introduction
Various medical applications of the microwave have widely been investigated and reported in recent years [1] . For example, microwave hyperthermia [2] and microwave coagulation therapy (MCT) [3] have been used in the treatment of cancer, and in cardiac catheter ablation for ventricular arrhythmia treatment [4] . All of these techniques utilize the thermal effect of microwave energy on biological tissue.
To evaluate the therapeutic effects of these treatments requires numerical analyses of the electromagnetic field in the human body using the finite difference time domain (FDTD) method. In this analysis, biological tissues are modeled as sets of voxels with their dielectric constants. Generally, the dielectric constants of materials including biological tissues are not only frequency-dependent but also temperature-dependent. Moreover, in the microwave and millimeter wave frequency ranges, the dielectric constants of biological tissues also strongly depend on their water content [5] . This is because the dielectric properties of biological tissues mainly derive from the dielectric polarization of the water molecules within them at microwave frequencies. The water contents of biological tissues depend on temperature, due to dehydration accompanied by heat coagulation over 60°C, and water evaporation at temperatures near 100°C [6] . Therefore, accurate analysis of electromagnetic fields in heated biological tissues requires numerical models with dielectric constants which reflect rises in temperature and the decrease in water content accompanying coagulation.
Previous studies have examined the relationship between temperature and dielectric constants of biological tissue [7, 8] . These studies have only considered the temperature of tissues heated under limited conditions as a parameter of dielectric constants. However, because the water contents of the tissues change depending on heating time rather than temperature, the results of these studies do not always sufficiently express the dielectric properties of coagulated tissues.
This study investigates the method of coupled analysis for electromagnetic field and temperature, employing dielectric constants which depend on temperature and water content, as shown in Fig. 1 .
Dielectric constants and water content ratios of coagulated biological tissues heated under various conditions were measured, in order to evaluate the relationship between them. This study employed liver tissue as a measuring material, as a typical target organ in microwave coagulation tumor therapy. The biological tissue was heated with hot water. Water content ratios of heated biological tissues were then measured by the loss on drying (LOD) technique.
Measurement method
This section describes the method of measurement of dielectric constants and water content ratios for biological tissue. This study used swine liver tissue for measurement, whose physical properties are almost the same as those of a human liver [9] .
A small piece of raw swine liver tissue (about 3 g) wrapped in cling film was heated in hot water ( Fig. 2(a) ). Water temperature was controlled in the range of 60-100°C using an induction heating (IH) apparatus. Three heating times were set as follows: (1) 30 s, (2) 120 s, and (3) 600 s. After heating, water remaining on the tissue surface was wiped off by a cloth. For each heating condition, five samples were prepared.
Dielectric constants of prepared samples were measured by the open-ended coaxial probe method (Fig. 2(b) ). A Keysight 85070E Dielectric Probe Kit (Keysight Technologies, Santa Rosa, CA, USA) was used for this purpose. Before measurement, samples were cooled to room temperature (25°C), in order to evaluate only the relationship between water content and dielectric constants.
The water content ratio [wt%] of the prepared sample was measured by the LOD technique (Fig. 2(c) ) [10] . This method obtains the water content ratio of the sample by comparing the mass of the sample before and after drying. Water contained in the sample was dried by heating in a microwave oven. Microwave power is mainly used to heat water in samples, and heated water evaporates at 100°C. Therefore, the temperature of the sample does not exceed 100°C. An excessive temperature rise would lead to carbonization of the sample, which is a cause of errors in measurement.
Measurement result
For each heating condition, the values of water content ratio and dielectric constants measured for the five samples were averaged. Fig. 3(a) shows the water content ratios of the samples. The water content ratio of the raw tissue without heating was about 72 wt%, which approximately matches the measured value in [6] . This graph indicates that the water content ratio decreased by a maximum of about 15 wt%. Each heating time showed a tendency for water content to decrease as temperature rose. This is because the velocity of dehydration of tissues accompanying heat coagulation depends on the heating temperature. Also, the decrease in water content is larger in the case of a longer heating time, because the dehydration effect increases over time. In this measurement, the values of water content ratios differ due to differences in both the water contents of samples before heating and in sample size. The maximum value of the standard deviation for each heating condition was 1.5 wt%.
Figs. 3(b) and (c) show dielectric constants of the samples at 2.45 GHz. For each heating time, an approximation straight line was calculated by the least-square method. Dielectric constants of the raw tissue without heating were " r ¼ 45:0 and ¼ 1:78 S/m respectively. As a result of heating, both " r and σ decreased by about 27% at maximum. This graph indicates that dielectric constants of samples strongly depend on the value of the water content ratio for each heating time. The three approximation straight lines do not coincide with each other, but these gaps are sufficiently small compared to the variations in water content ratios. These results imply that the relationship between dielectric constants and water content does not change due to heating. In other words, heating only leads to a decrease in water content, not to changes in other factors to control dielectric constants. In this measurement, the non-uniform distribution of moisture in each sample is considered to be the main cause of variation in measured values. For each heating condition, the maximum standard deviations of " r and σ were 1.15 and 0.12 S/m respectively.
(a) Water content ratio.
(b) Relative permittivity.
(c) Electric conductivity. 
Conclusion
These results show that the water content of samples depended on their degree of coagulation. Moreover, dielectric constants of samples strongly depend on their water content ratios, regardless of heating conditions such as temperature and heating time. Therefore, based on these results, dielectric constants of coagulated biological tissue can be accurately obtained by using water content ratio as variable, even under different heating conditions. Moreover, thermal damages (≒ decrease of water contents) to tumor tissues could be estimated by dielectric constants measured nondestructively, in thermal treatment such as MCT. In order to realize the coupled analysis shown in Fig. 1 , more investigations are necessary. Firstly, the dependency of dielectric constants on temperature not only on water contents should be also investigated. Next, the velocity of tissue dehydration accompanying heat coagulation can be expressed using the temperature as a variable. Moreover, in order to determine the dielectric constants of the tissue around 100°C, dehydration of tissue due to evaporation should also be considered. Finally, the dependency of thermal constants on temperature and water content should also be investigated.
